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THE ROLE OF PROCESS CONTROL 
In today's semiconductor market, manufacturers face a daunting challenge. Product 
concepts evolve rapidly in response to rapidly changing markets while design rules, i.e., 
device geometries, become increasingly smaller and wafers become larger. Devices must 
run faster, reliability must improve and the resultant increasing complexity in IC design and 
fabrication technology intensifies the need for tighter controls of process variables. To 
compete effectively in this market, manufacturers must improve both product development 
and product manufacturing processes. 
Product development cycles must be kept to an absolute minimum if new products are 
not to miss critical market windows and manufacturing yields must be maximized and 
maintained. Furthermore in a time of ASIC (Applications Specific Integrated Circuits) and 
rapid product change, manufacturing processes need to be capable of being quickly and 
reliably changed. Finally, to build and maintain a solid reputation and market presence, a 
high level of product reliability must be sustained. 
The keys to meeting these challenges are quantitative process analysis and statistical 
process control. Quantitative process analysis can speed up the development of new 
processes considerably and significantly shorten product development times. Once the 
product is in manufacturing, statistical process control can help optimize yield, increase 
productivity and improve device reliability. 
The most reliable and cost-effective quantitative process analysis and statistical 
process control methods for the IC industry are those that provide accurate data from actual 
product wafers in a nondestructive and real-time fashion. Thermal wave methods satisfy 
these criteria for several important process steps. We shall discuss two of these applications 
below; control of the ion implantation process and control of the metalization process. 
THERMAL WAVE TECHNOLOGY 
Laser-based thermal wave physics and techniques have been the subject of several 
recent papers at previous QNDE meetings [ 1-2] and thus the following description will be 
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brief. To provide nondestructive measurements on product wafers we employ highly 
focused ( -lJ..Lm) low power laser beams to both generate and detect the thermal waves. As 
depicted in Figure I the pump beam is an Ar-ion laser modulated at I MHz and the probe 
beam is a HeNe laser. The pump beam generates thermal waves in all materials and, in 
addition, electron-hole plasma waves in semiconductors such as silicon. The thermal waves 
penetrate a few microns beneath the surface of the material and interact with local variations 
in the material's thermal conductivity arising from local defects and local changes in material 
composition or structure. Similarly the electron-hole plasma waves also penetrate a few 
microns beneath the surface of a semiconductor and interact with local variations in plasma 
diffusivity and electron-hole recombination lifetime. These variations in electronic para-
meters result from local defects and local changes in the semiconductor's composition or 
structure. As shown in Figure I the thermal and plasma waves and their respective inter-
actions with local subsurface features are detected by the HeNe probe laser which can be 
used in either a modulated reflectance [3,4] or modulated deflection mode [5]. In the mod-
ulated reflectance mode, variations in the local oscillating temperature and plasma density 
are detected through their effect on the local optical reflectivity of the sample. In the mod-
ulated deflection mode, variations in the local oscillating temperature are detected through 
their effect on the local thermoelastic response of the sample surface. Note tllat in general 
the modulated deflection mode is_not particularly sensitive to ph:sr;1a density oscillations. 
We have packaged this technology into an easy-to-use and reliable thermal wave 
instrument called the Them1a-Probe system [6] . This system, show in Figure 2, is 
configured specifically for use by IC manufacturers and features automated wafer cassette 
handling, automated data collection and statistical data processing and data management. 
Fig. 2. Photograph of the Therma-Probe system. 
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ION IMPLANT PROCESS CONTROL 
Control of the ion implant dose is critical to good device performance and wafer yield 
in IC manufacturing. This is particularly true for MOS devices where threshold voltage 
control is paramount since slight variations in certain electrical parameters such as the 
depletion drain current and the transistor threshold voltage can dramatically affect wafer 
yield and device speed. These critical electrical parameters are set by means of a low dose 
ion implant performed fairly early in the IC fabrication cycle. There is often a 3 to 8 week 
time lag between this critical implant step and the first electrical measur~ments that indicate 
whether the ion implant process was properly executed. Thus there is a major need for an 
effective real-time monitor for these critical implant process steps. The thermal wave 
system answers this need since it is able to measure both the implant dose and its uniformity 
across the wafer and to do so nondestructively on product wafers and immediately after the 
ion implantation process [7]. 
Of course a thermal wave technique does not measure the ion implant dose (i.e., the 
concentration of implanted ions) directly. What the thermal wave technique measures is the 
extent oflattice disorder that has been created by the ion implantation process. However, 
lattice damage generation in Si by ion implantation has been shown to be a highly 
reproducible process and thus can be accurately correlated with ion implantation dose. A 
typical correlation curve between a modulated reflectance signal and implant dose is shown 
in Figure 3 where a 100 keY implant boron dose change from lOll to lQlS ions/cm2 results 
in an increase of the modulated reflectance signal, l\R/R, from 2 x 10-4 to 30 x 10-4. The 
dynamic range of this signal provides good dose sensitivity and the measurement 
repeatability of the system is typically± 2% dose. 
Of even greater interest to the IC manufacturer is the correlation between the thermal 
wave signal obtained after the ion implantation process and the ultimate electrical 
characteristics of the devices at the end of the manufacturing cycle. Table 1 below shows 
the results of such a correlation study [8] where the thermal wave signal was correlated 
against both the transistor threshold voltage, V1e and the depletion drain current lctd· The 
results show excellent correlation between the thermal wave signal and the electrical 
parameters. 
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Table 1 
Correlation of Thermal Wave Signal with Electrical Parameters [8] 
Graph Fir,. Slope Intercept Correlation 
Y(X) dYjdX Y(X-0) coefficient 
V,.(lWl 2 0.007447 V /TW -1.808 v 0.9814 
ldd(lW) 3 2.984 ~&A/TW -1560.0 ,.A 08843 
Vtc(DOSEe) 4 0.1772 V /!Ell 0.2287 v 0.9932 
ldd(DOSEd) s 160.9 1'A/1El2 -149.71£A 0.9532 
lW(DOSEe) 6 23.31 TW /!Ell 276.6 TW 0.9681 
lW(DOSEd) 7 52.70 TW /1E12 474.8TW 0.9597 
The thermal wave system can thus be used for real-time monitoring of the critical ion 
implant process steps. Measurements are usually performed on one or two product wafers 
out of every cassette and at 5 sites per wafer. The data from each wafer is tabulated and 
analyzed for both dose and uniformity, then plotted on process trend charts to ascertain if 
the implant process is within specified control limits. Deviations beyond these control limits 
or data trends towards a control limit are automatically brought to the operator's attention. 
This statistical data analysis and data management is crucial in making the Therma-Probe 
system an effective statistical process control tool. 
Finally in Figure 4 we show how the use of a thermal wave system to control the ion 
implant process has significantly reduced unwanted variation in device electrical perfor-
mance for a customer. This reduction in device performance variability significantly 
improved the manufacturer's yield of higher speed and thus higher revenue devices. 
METALIZATION PROCESS CONTROL 
The metalization system on an IC device is of fundamental importance to its 
performance. Modem IC devices use several different metal films for interconnects, 
diffusion barriers and as input-output conductors. In controlling metalization, the process 
engineers continually measure four critical parameters; thickness, sheet resistance, grain size 
distribution and optical reflectivity. They employ a variety of instruments to make these 
measurements, many of which cannot be used directly on the product wafer. 
Here again the thermal wave system can provide the needed data directly from the 
product wafer and in a totally nondestructive and real-time fashion. All of the metal films 
Fig. 4. 
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used in the IC industry can be measured whether they be AI alloy conductors, titanium or 
platinum barrier metals, or tungsten silicide interconnects. Thicknesses can be accurately 
determined from IOOA to over lf.lm with a typical reproducibility of± 2%. These thickness 
measurements are usually performed with the system operating in the modulated deflection 
mode. Figure 5 shows the excellent correlation in metal film thickness obtained with the 
noncontact thermal wave method as compared with the thickness obtained with the 
conventional contact profilometer method. Figure 6 shows a thermal wave map of 
thickness uniformity for a thin titanium film with a thickness sensitivity of less than 5 
Angstroms. 
Figure 7 shows the correlation between thermal wave signal and sheet resistance as 
determined from a contact 4-point probe. These two signals are, as expected, well 
correlated since the thermal conductivity in a metal is directly related to its electrical 
conductivity by the Wiedemann-Franz law. 
The modulated deflection thermal wave signal is very sensitive to the presence of 
boundaries whether they be inter-layer or inter-grain. Thus line scans of this signal over a 
metal film provide information about grain size distribution. This is shown in Figure 8 
where we see a linear relation between thermal wave signal and average grain distribution in 
an Al(Si) alloy. The average grain distributions were determined in the conventional 
manner from post-etch SEM micrographs. 
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Finally highly precise optical reflectivity measurements can be made of the metal 
surfaces at the pump and probe laser wavelengths of 488 and 633nm respectively. 
All of these measurements, which currently have to be done using a number of 
different instruments, and generally on test wafers only, can now be performed 
nondestructively, and with micron scale resolution directly on the product wafers with one 
instrument, the Therma-Probe system. This real-time product wafer capability permits use 
of the thermal wave system for effective statistical process control of the metalization 
process in the same manner as in the ion implant application. 
RETURN ON INVESTMENT 
Before an IC fab manager will approve the purchase of new and costly capital 
equipment and modification of manufacturing procedures, he must be assured that these 
actions will result in an attractive return on investment. Thus it is paramount that a detailed 
analysis be made of the various costs and benefits associated with the use of the thermal 
wave system. Costs will include purchase, installation, operation and maintenance. 
Benefits include increased revenues from improved wafer and device yield, savings related 
to increased availability of expensive processing equipment because of faster feedback of 
test data, and savings related to reduced test costs. These latter savings arise from the 
elimination of most test wafers and from significantly decreased labor costs since the 
thermal wave measurements can be performed rapidly with no additional wafer processing. 
With well over 100 Therma-Probe systems installed in the field, ROI analyses from 
many customers indicate that typical payback periods are well under one year. This is 
regarded as a very attractive return on investment. 
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CONCLUSIONS 
We have shown how thermal wave systems can be used as cost-effective tools for 
quantative process analysis and statistical process control in two important areas of IC 
manufacturing; ion implant process control and metalization process control. The principal 
benefits of these systems are; (i) capabilities to perform needed measurements directly on 
product waferS in a nondestructive and real-time fashion, and (ii) analysis and management 
of data in a statistically meaningful manner. 
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